A zero-current-switching (ZCS) switched-capacitor (SC) quasiresonant (QR) converter is presented to suppress current stress during the bidirectional power flow control processing. The voltage conversion ratios 4= 1 4 are achieved by using the four-MOSFET switches, a switched-capacitor and resonant-inductor. Simulations and experiments are carried out to verify the performance of the ZCS SC QR bidirectional converter.
Introduction: The switched-capacitor DC=DC converter is an inductorless converter which has features of feasibility fabricated on a semiconductor integrated circuit chip. However, the larger switching loss and current stress are the essential problems in the conventional high frequency switching DC=DC converter [1, 2] . A unidirectional zero-current-switching switched-capacitor quasi-resonant (ZCS SC QR) converter which can operate at a high switching frequency with less switching loss for increasing the efficiency of the converter with fewer switches is reported in [1] . The input=output current stress of the bidirectional SC converter is suppressed but the switching losses and the overall converter efficiency are not significantly improved [2] . In this Letter we propose a novel zero-current-switching (ZCS) switched-capacitor (SC) quasi-resonant (QR) step-up=step-down converter to achieve bidirectional power flow control with high conversion efficiency.
- Fig. 1 Quadruple-mode=quarter-mode ZCS SC QR bidirectional converter Concepts: Fig. 1 shows the circuit configuration of the proposed noninverting type 4-mode=1=4-mode (quadruple-mode=quarter-mode) ZCS SC bidirectional converter that was developed based on the ZCS SC QR converter. The circuit is composed of four MOSFET main switches paralleled with Schottky diodes. Only a very small inductor series connected with a set of switched-capacitors is needed to construct the resonant tanks in the converter. A resonant inductor L r is connected in series with a set of the switching-capacitors comprising of C 1 , C 2 and C 3 to achieve a resonant characteristic when each of the switches Q 1S (contains Q 1P and Q 1N ) or Q 2S (contains Q 2P and Q 2N ) are switched on during the operating interval. The switches can be designed to switch on and off at the zero-current state while the L r -C resonant current is rising and falling to zero to achieve zerocurrent switching for reducing the MOSFET switch power losses. The switches Q 1 , Q 2 , Q 3 and Q 12 , Q 23 are used to control the switchedcapacitors, for parallel or series connected, during the charging or discharging states. 
Analysis:
The detailed switching sequences of the proposed converter scheme are shown in Table 1 at different time intervals under forward power flow control mode. The resonant inductor L r is a small inductance, with negligible equivalent series resistance (ESR). The semiconductor switches, diodes, and the capacitors in the switchedcapacitor bank are ideal. The converter circuit dynamics of all the operation modes are easily analysed in the following stages.
Stage 1: t 0 < t < t 1 : The main switch Q 1P and switched-capacitor switches Q 1 , Q 2 , Q 3 are turned on at t ¼ t 0 , the source V 1 provides current though MOSFET switch Q 1P , D 1P , the paralleled C 1 , C 2 , and C 3 , and the resonant reactance L r stores the electric energy in the capacitors
with the initial condition I Lr (t 0 ) ¼ 0 and
. The solutions of (1) and (2) are
where the normalised impedance is Z 1 ¼ p L r =3C. The inductor current I Lr (t) will increase to reach the peak value, and substantially decrease to zero at t ¼ t 1 .
Stage 2: t 1 < t < t 2 : The main switch Q 1P and switched-capacitor switches Q 1 , Q 2 , Q 3 are still turned on, and the diode D 1P cannot reverse into negative current which ceases the current reversing in this interval. The inductor current will still cease at zero state until t ! t 2 . The states in this stage are I Lr (t) ¼ 0 and
Stage 3: t 2 < t < t 3 : When Q 1N and Q 12 , Q 23 are turned on at t ¼ t 2 , the V 1 , C 1 , C 2 , and C 3 are series connected with the switches, Q 1N and Q 1 , Q 2 , Q 3 , and the resonant inductor L r . Therefore, the stored energy is transferred into the source V 2 through the L r -C S resonant tank circuit. The dynamic equations can be expressed by
The normalised impedance is Z 3 ¼ p L r =C S and C S ¼ 1=(
. The initial conditions of the differential equations are I Lr (t 2 ) ¼ 0, and
The solutions of (5) and (6) are
The inductor current will decrease along the sinusoidal function to the negative peak value and continuously fall to zero at t ¼ t 3 . After I Lr resonates back to zero, diodes D 1N and D 1P are biased in reverse and this operation stage is terminated.
Stage 4: t 3 < t < t 4 : In this interval, the inductor current will stay at zerocurrent state, the states are I Lr (t) ¼ 0 and
. After a specified time, Q 1N and Q 12 , Q 23 are turned off at zero-current state where t ¼ t 4 . Table 1 shows the alternating switching sequences of the proposed quarter-mode bidirectional converter under the reverse power flow control scheme. The dynamic equations of stage 1 (t 0 < t < t 1 ) are the same as (5) and (6) with the negative state variables I Lr (t) and V C (t). On the other hand, the dynamic equations in the interval (t 2 < t < t 3 ) are the same as (1) and (2) with the negative states.
Results: An experiment was carried out to verify the performance of the proposed quadruple-mode=quarter-mode non-inverting-type ZCS SC DC-to-DC converter. The designed parameters are listed as follows: MOSFET switches are FDP3672, Schottky diodes are designed to operate in the zero-current-switching mode for reducing the MOSFET switch power losses. For high power applications, there is only a small magnetic component required in the bidirectional converter, mainly due to the capacitors' stored energy. Therefore, the core size and core losses in the resonant inductor are also reduced.
Conclusions: A high voltage conversion ratio ZCS SC QR stepup=step-down bidirectional converter is presented. It is able to provide bidirectional power flow control under zero-current switching for increasing the converter efficiency. The current stresses and the power losses on the MOSFETs are significantly reduced compared to the conventional switched-capacitor converter. The average efficiency of the forward and reverse power flow control converter under various load conditions are higher than 90%. The switching loss can be significantly reduced, and the switching frequency can be further increased, thus decreasing the size of the capacitors. 
